Abstract: Colloidal quantum dots (QDs) bear a huge potential in different application fields due to their unique properties. Unfortunately, their limited stability against environmental influences and the limited processability of the colloidal solutions restricts, among other factors, their widespread implementation. Incorporating the QDs into an inorganic matrix allows overcoming of these barriers. In this manuscript, we demonstrate the reproducible incorporation of high quality CdTe QDs capped with thioglycolic acid into NaCl and KCl salt crystals. In comparison to previous reports, here we avoided the production of powder-like, weakly emitting mixed crystals and/or a loss of large amounts of QDs due to aggregation. The optimum conditions for this process were found by the variation of the amount of additional free-stabilizer and the pH of the saturated salt solutions. Both variables exhibit high influence on the colloidal stability of the QDs, ensuring the electrostatic forces on their surface to be high enough to prevent agglomeration. Incorporation in NaCl as host matrix is accompanied with pronounced etching of the QDs, causing a blue shift of the photoluminescence (PL)-spectra upon incorporation while KCl preserves the original optical properties of the QDs. Under optimized conditions, even the matrix-induced red shift of the emission upon incorporation can be overcome, resulting in a higher predictability of the mixed crystal preparation.
Introduction
Since their discovery 30 years ago [1] [2] [3] [4] , colloidal semiconductor quantum dots (QDs) attract huge interests due to their unique size-dependent optical properties [5] [6] [7] . These characteristic features put them in the focus of a variety of different potential applications, including thermoelectrics [8] [9] [10] , photovoltaics [11] [12] [13] [14] and lighting devices [15] [16] [17] . For those and all other application fields, the parameters such as narrow size-distribution, long-term stability, high photoluminescence quantum yields (PL-QY) as well as processability are of importance [18] .
These requirements are fulfilled by combining high quality quantum dots with a proper packaging approach. Therefore, either organic (e.g. polymers [19] ) or inorganic (e.g. various oxides [20, 21] or common salts [22] [23] [24] [25] ) matrices can be used. As shown recently, the inorganic host materials can surpass their organic competitors in terms of photoluminescence quality and long term stability [22] .
In previous studies of incorporation of QDs into salt matrices mainly QDs with mercaptopropionic acid (MPA) as stabilizing agent, either from the aqueous synthesis or after ligand exchange, were used [22, 23, 25] . At the same time, thioglycolic acid (TGA) as one of the most popular stabilizers for high quality CdTe
QDs was found to provide only limited colloidal stability within the saturated salt solutions. As a result, incorporation of TGA capped QDs into salts resulted in low QDs loading within very small powder like crystals and undesirable agglomeration of QDs outside the crystals. However, TGA capping provides the possibility of better synthesis control especially for CdTe QDs of relatively smaller sizes emitting in green to orange spectral regions [26, 27] . Since for most applications a photoluminescence over the whole visible range is needed, the reproducible and efficient incorporation of strongly emitting TGA capped CdTe QDs into salt matrices is a logical further step during the expansion of the QD-salt mixed crystal approach.
In the present manuscript, we aimed at finding optimal conditions to produce high quality mixed QD-salt crystals with TGA-capped CdTe QDs as emitting species. These composites should be macrocrystals and possess high PL-QYs with predictable and reproducible maxima positions. Furthermore, the QDs should be incorporated homogeneously. A variation of the salt used as host matrix, the amount of additional free-stabilizer and the pH-value of the saturated salt solution were used as parameters for the optimization.
Experimental section

Chemicals and apparatus
All chemicals used were of analytical grade or of the highest purity available.
For all solutions, Milli-Q-water (Millipore) was used as a solvent. The Al 2 Te 3 lumps used for the generation of H 2 Te were purchased from CERAC Inc.
UV-Vis absorption spectra were recorded using a Cary 50 spectrophotometer (Varian). Photoluminescence (PL) measurements were executed at room temperature using a FluoroMax-4 spectrofluorometer (Horiba Jobin Yvon). PL-QY of the QDs were measured by a comparison with Rhodamine 6G and Rhodamine 101 (both Radiant Dyes Laser) in ethanol, assuming their PL-QY as 91% and 91.5%
respectively [28] .
Synthesis of quantum dots
The CdTe QDs were synthesized following ref. [27] . In a typical synthesis, 0.576 g (1.38 mmol) of Cd(ClO 4 ) 2 ⋅ 6H 2 O were dissolved in 60 ml of water, and 1.78 mmol of the stabilizer TGA was added dropwise under stirring in a threenecked flask. Subsequently, the pH was adjusted to 12 using a 1 M solution of NaOH, followed by the deaeration with argon for 30 min. Under vigorous stirring and slow argon flow, the H 2 Te gas, generated by the reaction of 0.1 g (0.23 mmol) Al 2 Te 3 lumps with 3 ml 0.5 M H 2 SO 4 , was passed through the solution. An immediate reaction forms CdTe precursor species. The growth of the QDs was initiated under open air conditions upon refluxing at 100 ∘ C with a condenser attached. As the QDs showed the desired emission wavelengths, the synthesis was stopped, yielding QDs with a PL-QY between 40%-50%. The obtained QDs were used without further purification for the subsequent crystallization procedure.
Incorporation of QDs into salt crystals
For the preparation of the mixed crystals, 20 ml of a saturated salt solution (KCl or NaCl) were mixed with 4 ml QD solution in a 30 ml beaker as reported in ref. [22] . Although KBr has proven to be a suitable matrix for the incorporation of QDs in general, we decided to leave this salt out of this investigation, due to its high hygroscopicity, reducing the overall long term stability of KBr based mixed crystals. Additionally, the pH of the salt solutions was adjusted using 0.02 M KOH for KCl or 0.05 M NaOH for NaCl. Furthermore, a freshly prepared 1 M TGA solution with pH adjusted to 12 was used to tune a concentration of free-stabilizer. Protected from dust, the saturated solutions were stored in the oven at 30 ∘ C for the crystallization, which takes in average about one week.
Results and discussion
To obtain high quality QD-salt mixed crystals, we systematically varied the parameters of crystallization media, such as concentration of additional freestabilizer, pH-value, as well as host material (NaCl or KCl). Additional TGA stabilizer was added to ensure a high enough density of stabilizers in the direct environment of the QDs, since TGA can decompose partly during the synthesis, reducing the amount of stabilizer and thereby colloidal stability [29] . The pH of the salt solutions was varied in the range of 10-12, to ensure a full deprotonation of the stabilizer and keep the electrostatical forces strong enough to maintain colloidal stabilization in presence of the saturated salt solutions [30, 31] .
Free-stabilizer addition
At first, we examined the ideal amount of additional free-stabilizer using a freshly prepared 1 M TGA solution. The amounts of excessive stabilizer are given below as ratios to initial amounts used in the synthesis.
For mixed crystals with NaCl as host, generally small, nearly powder like crystals are observed, if no free-stabilizer is added. These composites show a red shift in their emission (see Figure 1a ) which is originated mainly from undesired aggregation of QDs and not due to matrix effects. This aggregation was verified by dissolving one of these crystals, resulting in an only weakly emitting diluted solution while the majority of QDs is still aggregated and forms a precipitate. Upon the addition of free-stabilizer, independent of the amount added, relatively big crystal monoliths are formed, as depicted in Figure S1 (see Supporting Information). The best results were obtained with a 0.5-to 2.0-fold amount of free-stabilizer. For these amounts of TGA, the QD-salt mixed crystals are homogenous, as shown in Figure S1 and show a yellow-greenish emission, which is blue shifted with respect to the initial QDs in solution. Nevertheless, upon adding free-stabilizer to the crystallization solution, the PLpeaks broaden in comparison to the starting colloidal solution. Larger amounts of free TGA is leading to a diminished and further blue shifted emission, indicating a deterioration of the QD quality (see Figure 1a) and Figure S1 ). Together with the reduced emission at higher stabilizer concentrations, the incorporation of aggregates might appear. For example, the appearance of an additional longwavelength maximum for the crystal prepared in the presence of three folds of free-stabilizer ( Figure 1a) could be attributed to a red-shifted emission of such aggregates. The mixed green-orange emission originated from different parts of the same crystal is also observed in photography of corresponding sample presented in Figure S1 (highlighted with an arrow). As a second salt, potassium chloride was used as a host matrix. For these mixed crystals, the optimal amount of excessive free-stabilizer is one fold of the respective amount used within the synthesis, yielding mixed crystals with an even composition. Indeed, the observed spectral blue shift upon the incorporation does not appear, but rather a slight red shift with an increasing amount of freestabilizer, as shown in Figure 1b) . Furthermore, in comparison to NaCl as a host material, the PL-spectra is not broadened but narrowed upon incorporation. By increasing the amount of free-stabilizer to twice or more, the resulting mixed crystals were less homogeneous and more powder-like. If no stabilizer is added on the other hand, KCl also shows a stronger red shift similar to that discussed for NaCl. Due to its better predictability and reduced detoriation of the QDs, KCl was further used as the preferred host-matrix for TGA stabilized CdTe QDs. As an evaluation for the origin of the different behavior of the two salts, the evolution of the emission properties of dissolved mixed crystals were examined, shown in Figure 2 . In contrary to our earlier findings with MPA-stabilized particles [22] , dissolving the mixed crystals does not restore the spectra of the initial colloidal solution, but a blue shifted one. This shift is, with 45 nm for NaCl and 9 nm for KCl, strongly depending on the host matrix and reveals that TGAstabilized CdTe QDs experience a remarkable chemical change upon contact with the saturated salt solution. Such kind of shift in the PL-maximum is generally associated with the etching of the quantum dots and thereby a reduction in size [18] . The stabilizing agent TGA hereby plays a divalent role. On the one hand stabilizing the QDs themselves, preventing their aggregation, on the other hand, TGA forms comparably strong complexes with the etching products (most probably, Cd 2+ , which is the dominant ionic species on the surface of the QDs), favoring the ongoing etching. These TGA-Cd 2+ complexes are stronger than the equivalent complexes formed by MPA and Cd 2+ , which is a possible explanation that the etching is only observed for TGA stabilized CdTe QDs [32, 33] .
Comparing the host matrices, KCl and NaCl yield different evolutions of the QDs optical properties upon incorporation. Both salts are crystallizing in a sodium-chloride structure, where the cations and anions are octahedrally surrounded by their counter ions. The major difference of these salts are their lattice constants, 5.63 Å and 6.26 Å for NaCl and KCl, respectively [34] . To our best knowledge, the incorporation procedure of the quantum dots into the ionic matrix has not been clarified in detail yet. Our current understanding of the process is based on the assumption that QDs injected in the concentrated salt solutions act as seeds for the crystallization with a thin salt shell being immediately formed around them. As can be seen in Figures 1 and 2 , NaCl causes a pronounced blue shift of the emission while KCl keeps the emission nearly constant. This behavior is reproducible for several batches of similar sized CdTe QDs as well as for different sizes of CdTe QDs from one batch, as is shown in Figure S2 (see Supporting Information). A possible explanation for this might be the different ionic radii of Na + and K + , which are 102 and 138 pm, respectively, [35] making it easier for Na + to reach the QD surface for chemical reactions. Furthermore, the molar concentrations of saturated solutions from NaCl and KCl differ by more than 30% (KCl: 4.65 M NaCl: 6.14 M), providing a higher ionic strength and in general a higher concentration of ions that may cause chemical reactions on the surface of the QDs and result in the QD aggregation. In summary of this part, the optimum amount of free-stabilizer is between 1.0-2.0 times with the best quality at 2 times for NaCl and 1 time for KCl matrices. In each case, the addition of the free-stabilizer leads to a slight etching of the QD surfaces, resulting in a blue shift in comparison to the starting colloid.
No addition of free-stabilizer is leading to mixed crystals with a powdery nature and a red shift in their emission color with respect to the solution. KCl turned out to be the better choice for TGA capped CdTe QDs, since the observed etching is much lower, resulting in higher predictability of the formed mixed crystals.
Influence of the pH-value on the production of mixed crystals
The third investigated influence parameter for the production of mixed crystals is the pH-value of the saturated salt solution. We investigated saturated salt solutions with a basic pH of 10, 11 or 12, since CdTe QD colloids possess the highest stability within this pH range [30, 31] . Additionally, the optimized conditions using a 1.0-and 2.0-fold amount of free-stabilizer for both salts were applied. The results are summarized in Figure S3 (see Supporting Information). As expected,
for NaCl, we again observe a strong blue shift while for KCl, the initial PLmaximum stays only slightly shifted or nearly constant upon incorporation of QDs. At all pH values, in the absence of free-stabilizer only relatively weak emitting powder-like crystals may be obtained (see as an example Figure S4 in Supporting Information). As evidenced from Figure S3 , the best results were obtained for KCl at pH 11 and addition of 1-fold amount of free-stabilizer. The morphology of the obtained mixed crystals is very stable and robust, not powderlike, while no obvious shift of the PL-maximum is observed. This is, compared to results presented in Figure 1 a main step toward reproducible applications in lighting technologies. These optimized mixed crystals composed of KCl and TGA capped CdTe QDs show the same shape and position of the PL-spectra as compared to initial colloidal solution. They can be applied as a color conversion material (see Figure 3a) and b)) for creating high quality white or single color light sources.
To verify the generality of these optimized conditions, we applied the above discussed crystallization procedure to TGA stabilized CdTe QD batches with PL-maxima at 574 nm and 633 nm. From each QD batch, mixed crystals using NaCl and KCl as host matrix have been prepared using either pure salt solutions as well as pH optimized (pH 11 and 12 respectively) mixtures with a one or two fold amount of additional TGA. The corresponding PL-spectra can be found in the Figure S4 (see Supporting Information).
Conclusion
In summary, we have presented a method for reproducible and predictable integration of TGA-capped CdTe QDs into salt matrices. The influencing parameters such as salt type, amount of additionally added free-stabilizer and pH-value were varied. Adjusting the pH to a basic range of around 11 as well as the addition of one to two times the amount of free-stabilizer to the crystallization solution yielded the best results for KCl and NaCl, respectively. However, crystallization from saturated NaCl solutions causes a strong etching of the QDs during the crystallization process, resulting in an undesired blue shift of the PL-spectrum upon incorporation. In its own turn, KCl has proven to be the better choice as a host matrix for TGA capped CdTe QDs, since nearly no deterioration of the QD quality was observed. These optimized conditions are proven to be reproducible and work for several different batches of similar sized as well as differently sized TGA-stabilized CdTe QDs.
